Abstract. Experimental results of normal and tangential pressures on a buried silo wall caused by buried charge explosions are presented in the paper. The measured pressures depended on the charge mass, and its burial depth and distance from the silo front. Pressures were measured by sensors attached to the silo wall at different depths along to four diametrically opposite line generators located at the front, rear and two sides. The influence of each parameter is analyzed and discussed.
Introduction
The subject of this work was studies of transient soil pressures acting on a protective cylindrical structure (silo) without a structural cover, buried surface flush, caused by underground explosions. This topic is not well understood, and it deserves further attention. During the last 20 years, emphasis has been placed on the dynamic response of box-type protective structures (Fig. 1) . The upper edge of the roof slab of such a structures may be at the ground surface level, or covered by a thin layer of soil of thickness h, in which 0 < h < 0.2 l [1] , and l is the clear span of the roof slab. Depending on the depth of burial, the following two burial conditions were suggested [1] :
-shallow-buried 0.2 l < h < 1.5 l, and -deeply buried, h > 1.5 l.
It is essential to know the transient load transmitted through the soil from a detonation of a conventional buried charge to a shallow-buried structure, for which the load effects could be very critical, whereas, the same load is of much lower significance for deeper buried structures. One can define three basic buried charge positions, as shown in Fig. 1 : above the structure, below the structure, and at its sides. Each of these positions represents a separate problem. Loads linked to explosions of a charge directed at the top of the structure have, so far, been satisfactorily determined both by analytical [4, [13] [14] [15] 23] and experimental studies [1, 3] . Despite considerable interest, there are, however, no exact theoretical methods to determine the distribution of dynamic pressures acting on a buried structure that result from buried explosions, placed below the structure or at its sides.
At present, the most widespread method of determining loads acting on the near and far side of a structure perpendicular to the direction of the blast is the semi-empirical solution proposed in [6] , or its modified version in [23] . The formulas proposed in [6, 23] were derived based on results obtained from a large test data base: first from World War II [16] , between 1950 and 1985 at the Sandia National Laboratory, and at the US Army Waterways Fig. 1 . Position of the explosion source with regard to a buried structure [23] . Experiment Station [16, 20] and in the early 1980s at Southwest Research Institute [25] . However, these solutions are not suitable for determining of dynamic loads in the case of cylindrical structures with a circular plan as in the present silo tests. For such type of structures, one could try using the approximated solution in [22] that allows one to evaluate a constant value of dynamic pressure exerted on an upright, rigid, cylindrical vault, embedded in a uniform, viscoelastic stratum of constant thickness and infinite extent in the horizontal plane, subjected to seismic acceleration. There are empirical solutions for buried cylinders subjected to nuclear explosions, but not for buried cylinders subjected to buried conventional detonations (i.e., localized explosions vs. planar shock waves).
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To alleviate this problem, a research team at the College of Military Engineering in Wrocław, Poland, initiated an experimental study program [10] [11] [12] addressing the dynamic soil pressure induced by buried explosions on buried structural fortifications. Tests were carried out to measure the normal and tangential soil pressures on a buried uncovered cylindrical structure (silo), induced by buried explosions.
Test silo, devices, and equipment
The test silo had an outside diameter D = 1.8 m and a height H = 3.40 m, a wall thickness of 0.14 m, and consisted of four reinforced concrete circular segments, each 0.85 m. high (Fig. 2.) . It was installed without a c view of measuring ring structural cover in a previously prepared excavation, and the individual segments were connected by means of steel rods placed in holes that were filled with epoxy resin mortar.
The free space around the silo was backfilled with layers of soil, and compacted by manual vibrators to regain the in situ soil properties, whose estimated values were: size distribution of particular layers, bulk density, Poisson's ratio, natural water content and propagation velocity of longitudinal explosion wave.
To measure only the blast-induced pressure (static pressures were eliminated by zero adjustment), both its normal and tangential components were collected by ten ring dynamometer type pressure sensors (Fig. 3 ) equipped with Kulite semiconductor strain gauges. The pressure sensors operating on this principle were originally used by Novosad andŠmid [18] . Sensors were placed along the silo's four generators. Most of them (five) were installed at the front of the silo (their arrangement is provided in detail in Figs 10 and 11 ). Pressure gages were placed in holes (seatings) that were made in the concrete wall and attached to steel plates with screws ( Fig. 2(a) shows a gage mounting by means of mortar, as originally planned). Only ten data locations were used due to the limited number of channels that could be recorded simultaneously. The data acquisition system consisted of a Racal Store Plus tape-recorder, an amplifier (bridge) for pressure sensors, an IOtech DaqBook 200 data acquisition card, a personal computer (PC), and a Gould Classic 6000 digital oscilloscope. The pressure sensors were calibrated both statically and dynamically. An electrodynamic vibration table (Fig. 4) proposed in [9] were used for the dynamic calibration of pressure cells for measuring the pressure caused by shock waves; other type are a peridulum and shock tube apparatuses [8] .
The sensors were calibrated before each test, and Fig. 5 illustrates one of the dynamic calibration curves obtained. For comparison, the curve of static calibration is also given. These data show that gages read-outs in static and dynamic calibration ranges to 12.655 kPa are close. The accelerometers were used with only factory calibration.
Besides the dynamic tests of gage responses to known applied transient loads, as described above, it was necessary that their natural frequency was from three to five times bigger than the largest frequency applied to the gages [21, 24] . An example of gage response and its spectral analysis result are shown in Fig. 6 . The maximal vibration frequency of soil vs. distance from the charge to the front of the silo, obtained from frequency spectral analysis of soil pressure data measured on the structure at a on depth 0.95 m and recorded by gage No. 2, is shown in Fig. 7 . Spectral density distributions and their maximal values for other distances from the structure were similar. Therefore it was concluded that the applied gages meet the stated criteria for the transient event under consideration.
Test program and its parameters
A buried detonation is a chemical process whose outcome includes the release of a large amount of energy within a very short time and a confined space. This sudden energy release causes a variable, non-stationary movement of the soil around the charge that induces outward propagating shock waves in the soil. These shock waves interact with a buried structure in the layered soil (Fig. 8) . The propagated explosion front presents an oblong shock wave decaying with the distance R away from the detonated charge. The explosion and its mechanical effects, such as pressure p h (kN/m 2 ) on the silo of a diameter D and height H(m), silo stiffness E s I s and stress σ h (kN/m 2 ) may be defined by the following parameters: the equivalent mass of the charge, W T NT (kg), the mass of the silo structure, W k (kg), the soil mass of the equivalent silo volume W s (kg), its placement depth in soil, h (m).
The soil was characterized by the bulk density, ρ d , and soil particle density, ρ s [kg/m 3 ], Poisson's ratio, ν, vibration frequency, f , propagation velocity of longitudinal explosion wave c (ms −1 ), the internal friction coefficient (tan Φ u ), µ, and the friction coefficient between the soil and the structure, µ 1 . The structure is embedded in three layered soil ( 
1) medium sand with fraction contents in %:
>2 mm -9%, > 0.5 mm -39%, > 0.25 mm -52%, 2) fine sand with fraction contents in %:
> 2 mm -6%, > 0.5 mm -46%, > 0.25 mm -48%, 3) clay with fraction contents in %: sand -35%, dust -54%, clay -11%.
Some of these soil properties occurring in the site were estimated and given in Table 1 .
Assuming that soil behaviour is elastic, parameters another than given can be calculated from relationships given in paper [17] .
Using the dimensional analysis method [2] leads to the following equation for the blast-induced pressure p h acting on the silo wall at a depth z:
where, γ s = ρ s g, and g is the acceleration of gravity. Bulk density ρ d is a measure of the mass of the dry soil per unit of volume. The soil particle density ρ s includes only the mass of the solid portion of the soil is its mass in a given volume after it has been compressed. The pressure p h has been defined in Eq. (1) by means of thirteen dimensionless similarity parameters, where: 
The pressure magnitude on any silo with diameter of D 0 can be determined from the following equation:
where:
γsDm is the dimensionless pressure coefficient to be determined from test data for a cylindrical structure of diameter D m , that satisfies all π i parameters for model (m) and object (o), i.e. π im = π io , by simultaneous assumption of a soil profile (Fig. 8) .
The test program is illustrated in Fig. 9 . The tests were divided into two stages: In the first stage the normal soil pressure exerted on the structure were recorded by ten pressure sensors installed in the silo wall. The influence of the charge mass and its depth on the normal pressure (n. p.) acting on the silo wall was studied, as follows: the effects of the charge mass was studied in tests 2b, 3b, and 4b; the influence of charge distance was studied in the tests 1b, 2b, 5b, 8b and 9b; and the influence of the charge depth was studied in tests 5b, 6b, and 7b. The other tests were used to determine the effect of distance on the pressure. In the second stage, using the same types of test, the tangential pressure (t. p.) component acting on the structure, and stresses within the soil (not presented here) were studied with stress gages. Here, the influence of the same parameters, as in the first stage (i.e., charge mass, distance, and depth) on the tangential pressure (t. p.) was studied in tests: 10b, 11b, 12b, 13b and 14b, 15b, 16b. Figures 10 and 11 describe the arrangement of pressure gages, stress gages, accelerometers, the distribution of charges, and the sequence of their explosions.
In this paper, the tests results are summarized for three charge parameters namely: mass (3 values for n. p. and 2 values for t. p.), distance (5 values for n. p. and 5 values for t. p.), and depth (3 values for n. p. and 2 values for t. p.). Also measured was the acceleration at one point on the silo structure. A total of 176 data records were acquired, as follows: In the first stage for 9 shots × (10 pressures gages + one acceleration sensor) = 99 records (see Fig. 10 ), and in the second stage for 7 shots × (10 pressure gages + one acceleration sensor) = 77 records (see Fig. 11 ).
Test results

Charge mass effects on normal pressure
The mass of the explosive charge W T NT was varied to explore how it influenced the magnitude of the normal and tangential components of soil pressure affecting the structure. Charges consisted of 1.2 kg, 0.8 kg, and 0.6 kg of TNT. The charge to-silo-direction was alternated so that similar soil conditions were maintained during each detonation. It can be expected that different shot-to-structure directions, relative to the axes of placed pressure cells, will caused some changes in the soil pressure distribution on the silo wall. The charges were placed at a depth of l.8 m, and detonated at a distance of 5.7 m from the front of the structure. The measurement surfaces of the pressure sensors were placed flush with the surface. The arrows in Figs 12, 13, 15, 16, 17, 18 and 20 indicate the location on the silo where the sensors were placed, as well as the propagation direction of the shock waves.
Pressure sensors distributed along four diametrically-opposite generator lines, i.e., the front, rear and the two sides, measured the normal and tangential pressure exerted on the silo wall. Figures 12, 13 , and 14 present examples of normal pressures-time histories recorded by gages Nos 9, 6, and 7, respectively. The influence of the charge mass on the normal pressure value is clearly visible on these data.
The highest indications of normal pressure at the front surface were obtained by gage No. 9 ( Fig. 12) , placed at the bottom of the silo, whereas, gage No. 6 (Fig. 13) recorded the maximum pressure on the rear surface. The value of the pressure on the silo rear wall is much higher than the pressure at the same level recorded by gage No. 5, placed on the front surface of the silo. Differences were also noted in the type of the pressure-time histories, on the front and rear surfaces.
In turn, the pressure-time history acting the sides of the silo, recorded by gage No. 7, is presented in Fig. 14. Comparing these data with those for the pressure acting on the rear and front surfaces of the structure, one can clearly see the appearance of a large maximally opposite pressure noted by a change in sign (positive, instead of negative).
The pressures in Figs 13 and 14 shows that the gage measurements did not return to zero after the shock wave passed, indicating a base drift. This was caused by the inelastic soil behavior, associated with permanent deformations due to the passage of the shock wave. Such behavior was also observed in [7] during an earthquake. It should be emphasized that the maximum pressure value for the same distance of the detonation charge and the depth of burial vary with the time after the detonations. 
Charge mass effect on tangential pressure
The time-history of the tangential pressure component on front and rear silo surfaces are depicted in Figs 15 and  16 , respectively. The maximum pressure value acting on the front surface was found at the bottom of the structure, Fig. 15 ). As for the normal pressure, the maximum tangential pressure was not measured on the front but on the rear surface (Fig. 16 ).
Charge distance effect on normal and tangential pressures
In these tests, 1.2 kg TNT charges were placed at distances between 7.0 m and 2.0 m from the silo and at a depth of 1.8 m. To maintain similar conditions during particular detonations, the measurements of normal and tangential pressures were carried out separately, by changing the direction of the detonation source with respect to the silo. The time-histories for normal and tangential pressure recorded by pressure gages installed on the front, rear and side surfaces, depending on the charge to structure distance, are shown Figs 17-21. They indicate clearly how the distance of the placed charge influenced the magnitude of the normal and tangential pressures.
All distributions of tangential pressure along the height have varied sign in time. Maximal tangential pressure along line 1-1 occurred at 175 ms at the level of gage no. 8 (not presented here), and was equal +15.7 kPa (upwards). But general maximal values were registered by gages placed on rear surface. Namely, gage no. 4 indicated at 125 ms a pressure of + 18.7 kPa, while gage no. 6 indicated at 150 ms a pressure of opposite sign of -18.6 kPa (see Fig. 20 ).
Analysis of test results
The comparison of particular distributions of the maximum normal pressure acting on the silo front surface indicated that its value increased as the distance between the structure and the detonation source decreased. The maximum normal pressure at the shortest distance from the buried charge to the structure (distance 2.0 meters) was recorded at the bottom of the silo (Figs 22, 23) . The distribution of the normal pressure varied, depending on the time after the explosion (Figs 22, 23) . The earliest maximum normal pressure (already at 109 ms) was recorded by gage No. 5, placed at the same level as the detonated charge.
Surface "matching" of pressure distribution on the silo wall was obtained by a least squares fit with a two variables k-th degree polynomial for the test data (a limited number of measurement points was available) that resulted in the continuous contours shown in Fig. 22 . The maximal pressure occurred near the structure bottom at early time (Fig. 23) . Maximal pressure of the decaying wave was registered by gage no. 1 at the silo top at 245 ms. The appearance of maximal value of pressure at the bottom might have been caused by underlying clay which typical to this site. The top soil layers were coarse and fine sand (Fig. 8 ) that were backfilled after structure was placed. For the largest distance of 5.7 m, the pressure distribution was different (Fig. 24) . The recorded maximal normal pressures appeared first at the bottom of the structure, and then moved over time upwards to reach the upper part of the of pressure distribution on the silo wall.
Besides the charge mass, its distance and depth parameters have a decisive influence on the normal and tangential pressures acting on silo wall. The influence of Fig. 25 . Three types of distribution curves are noted for the following distances of detonation: large (R = 7.0 m → π 1 = 3.93 and R = 5.7 m → π 1 = 3.20); medium (R = 4.7 m → π 1 = 2.64), and small (R = 3.7 m → π 1 = 2.07 and R = 2.0 m → π 1 = 1.12). At each shot distance, with the exception of R = 4.7 m (π 1 = 2.64), the maximal pressure appeared at the bottom of structure. It was noted with interest that gage no. 8 exhibited a considerable pressure decreases for a small charge-to-structure detonation distance.
The normal pressure values (coefficients) in dimensionless form (Fig. 26 ) depend on the charge depth parameter π 3 that shows clearly the influence of charge depth on the value of the coefficient Ψ. The value of this coefficient increased with the increase of the depth parameter π 3 . A maximal value of Ψ was reached when the depth parameter was equal to π 4 = 1.0, i.e., at the depth of gage no. 8 (1.8 m) . A quite different trend of the dependence of Ψ on the parameter π 4 was noted during a charge explosion at the depth of 1.5 m (π 3 = 0.84), because this depth was close to optimum depth, where venting (surface spall) had not occurred yet. Therefore, the pressure for this parameter value was relatively small.
Figures 27 and 28 show the influence of the parameters of the distance π 1 , and the depth π 3 on the value of the tangential pressure coefficient Ψ, respectively. It is noted that the maximum values did not appear at the same levels for different charge distances.
The accelerometer mounted on the structure (Figs 10 and 11 ) enabled one to investigate the structural acceleration with respect to the charge mass, distance to the front of silo and the installed charge depth. The tests have provided evidence that the increase of structure acceleration was related to the increase of charge mass and depth. Figure 29 shows the structural acceleration-time histories for the charge masses of 0.6 kg and 1.2 kg. Figures 30 and 31 show that the acceleration magnitude depended on the distance and Fig. 32 shows that the acceleration magnitude depended on the charge depth.
The peak acceleration is comparatively large for charge explosions at a distance of 2.0 m. However, the peak acceleration abruptly decreased at a distance 3.7 m (Fig. 31) , which is nearly proportional to the change of the charge-to-structure distance.
From Fig. 32 it can be seen that comparatively shallow charge depths (i.e. 1.5-1.8 m) caused smaller accelerations in the buried cylindrical structure than by larger charge depth. 
Comparison semi-empirical approach
Free-field stresses generated by the detonation of buried conventional weapon can be estimated with semi-empirical Eq. (3) from [6] , or Fig. 33 , as follows.
where P 0 -peak amplitude of the stress wave at the time of arrival, f -coupling factor of the explosive energy, ρc -acoustic impedance of soil, n -attenuation coefficient, From Fig. 33 , for this value of R/W 1/3 the stress for dry loose sand is: P 0 =∼ 11 psi, or 11 × 6.895 = 75.55 kPa. This stress value is higher than the maximal measured pressure value of 48 kPa (Fig. 18 ) . This difference might indicate that some explosive energy was dissipated by venting into the atmosphere, and/or other dissipation phenomena. However, since the charge depth was 1.8 m, its scaled depth was 1.8/1.2 1/3 = 1.69 m/kg 1/3 , or 5.9/2.64 1/3 = 4.27 ft/lb 1/3 , one would expect that full coupling should exist for these conditions, as indicated in [6] , or in Table 2 . 
Conclusions
The following conclusions were drawn from this paper:
1. The maximum absolute increase in normal pressure caused by a buried explosion acted primarily on the structure bottom, regardless of the charge weight. 2. The highest, relative dynamic pressure increase of 470%, as compared with static pressure calculated according to Coulomb's equation, was recorded in the upper part of the structure. This finding should be taken into account when designing the upper part of buried protective structures.
3. The value of the maximum-recorded normal pressure appears first at the bottom of the structure and, as time progressed, the peak pressure location moved upward and attained the maximum pressure value at the upper part of the silo. 4. The maximum tangential pressure did not coincide with the explosion wave at early time when it reached the structure front, but it did only at a later time. 5. The maximum value of the normal pressure at a large distance from the explosion did not occur on the front surface, but on the sides of the structure. 6. The greatest value of the tangential pressure caused by the shock wave did not appear on the front surface, but at the rear of the structure.
